The major reabsorptive mechanism for D-glucose in the kidney is known to involve a low affinity high capacity Na+/glucose cotransporter, which is located in the early proximal convoluted tubule segment S1, and which has a Na+ to glucose coupling ratio of 1:1. Here we provide the first molecular evidence for this renal D-glucose reabsorptive mechanism. We report the characterization of a previously cloned human kidney cDNA that codes for a protein with 59% identity to the high affinity Na+/glucose cotransporter (SGLT1). Using expression studies with Xenopus laevis oocytes we demonstrate that this protein (termed SGLT2) mediates saturable Na(+)-dependent and phlorizin-sensitive transport of D-glucose and alpha-methyl-D-glucopyranoside (alpha MeGlc) with Km values of 1.6 mM for alpha MeGlc and approximately 250 to 300 mM for Na+, consistent with low affinity Na+/glucose cotransport. In contrast to SGLT1, SGLT2 does not transport D-galactose. By comparing the initial rate of [14C]-alpha MeGlc uptake with the Na(+)-influx calculated from alpha MeGlcevoked inward currents, we show that the Na+ to glucose coupling ratio of SGLT2 is 1:1. Using combined in situ hybridization and immunocytochemistry with tubule segment specific marker antibodies, we demonstrate an extremely high level of SGLT2 message in proximal tubule S1 segments. This level of expression was also evident on Northern blots and likely confers the high capacity of this glucose transport system. We conclude […] 
Introduction
Glucose transport across epithelial cells ofthe kidney proximal tubule and the small intestine is mediated by brush border Na+-coupled glucose transporters termed SGLT and basolat-eral facilitated glucose transporters (GLUT)' (1, 2) . In the mammalian kidney, the major site for glucose reabsorption is the early Sl segment of the proximal convoluted tubule (3). Free-flow micropuncture studies in rat demonstrated that approximately 90% of the filtered glucose is reabsorbed by this tubule segment and only a small fraction of the filtered load reaches the straight tubule of the proximal nephron (second part of the S2 segment and all of the S3 segment; reference 4).
In vitro perfusion studies of rabbit proximal tubules provided evidence for the existence of a low affinity Na+-coupled glucose transporter in S1 segments and a high affinity Na+-coupled glucose transporter located in S3 segments (5) . In rabbit kidney, the high affinity system corresponds to the high affinity Na+/glucose cotransporter SGLT1 (6-8) previously cloned from small intestine (9, 10) . Although the low affinity system is believed to provide the major renal reabsorptive mechanism for D-glucose the structure ofthis protein remained unknown.
In vitro perfused tubule studies further demonstrated that the low affinity Na+/glucose cotransporter has a Km for D-glucose of 1.64 mM and a maximal transport rate (Jm.) of 83 pmol/min per mm, whereas the high affinity Na+/glucose cotransporter has a Km for D-glucose of 0.35 mM and a Jmax of only 7.9 pmol/min per mm (5) . Other work indicated that r-galactose is a good substrate for the high affinity but not for the low affinity Na+/glucose cotransporter ( 11) . Glucose uptake studies into brush border membrane vesicles from rabbit and human kidney cortex are in agreement with the existence oftwo renal Na+/glucose cotransporters (11) (12) (13) (14) . The studies provided evidence for a low affinity transporter with a Km of 6 mM and a high affinity transporter with a Km of -0.3 mM and demonstrated a Na+ to glucose stoichiometry of 1:1 for the low affinity Na+/glucose cotransporter and of 2:1 for the high affinity Na+/glucose cotransporter.
In human intestine and kidney, the existence of a shared high affinity Na+/glucose cotransporter and of a second kidney-specific low affinity Na+/glucose cotransporter is sup- ported by studies of patients with familial intestinal glucose/ galactose malabsorption and renal glycosuria (15, 16) . Patients with renal glycosuria were found to have impaired renal but not intestinal glucose absorption, whereas patients with intestinal glucose-galactose malabsorption generally also have an associated mild glycosuria. Thus, at least two gene loci must be present in order to explain impaired glucose absorption in these diseases.
In contrast to kidney, the small intestine is thought to have a single, high affinity Na+/glucose cotransporter ( 14) . By expression cloning with Xenopus laevis oocytes we previously isolated a cDNA coding for the high affinity Na+/glucose co-transporter SGLT1 (9) . SGLT1 has 10 to 12 predicted membrane spanning domains and shows kinetics, stoichiometry, substrate specificity, and inhibition pattern that are consistent with intestinal and renal high affinity Na+/glucose cotransport (8, 9, 14) . Recent studies by Wright and collegues demonstrated that a point mutation of the SGLT1 gene changing aspartic acid 28 to asparagine can cause glucose-galactose malabsorption (17) .
In an effort to search for the kidney-specific low affinity Na+/glucose cotransporter, we have recently isolated by homology screening a human kidney-specific cDNA (Hu 14) that codes for an amino acid sequence with 59% identity to that of SGLT 1 ( 18 ) . The Hu 14 protein has the same number of putative membrane-spanning domains and a similar predicted secondary structure as SGLT 1. Here we report that Hu 14 cDNA codes for a low affinity Na+/glucose cotransporter (SGLT2; reference 19) , which has the properties and the pattern of expression in the kidney that are characteristic ofpreviously characterized renal low affinity Na+/glucose cotransport. We also describe a method to determine the Na' to glucose coupling ratio using a combination of electrophysiology and isotopic uptake measurements. The method may be ofgeneral value for studies on the stoichiometry of electrogenic transporters.
Methods
Clones. Rabbit SGLT1 cDNA encodes the high affinity Na+/glucose cotransporter and was previously isolated by expression cloning from small intestine (9) . Clone Hu14 contains the SGLT2 EcoRI-insert in pBluescript II, which was isolated by low stringency screening of a human kidney cDNA library using rabbit SGLT1 as a probe ( 18) . R36/R12 (pBluescript II) is a rat homologue of human SGLT2 (Hediger, M., et al., unpublished sequence).
Characterization ofSGLT2 by Xenopus oocyte expression. cRNA was in vitro transcribed from clone Hu 14 (SGLT2) using T3 RNA polymerase ( 18) . Xenopus laevis oocyte expression studies ( 19) were performed as described previously (20) with minor modifications. Briefly, collagenase-treated and manually defolliculated oocytes were injected with 50 nl of water or cRNA (50 ng/oocyte). Oocytes were incubated in modified Barth's medium (NaCI 88 mM, KCI 1 mM, Ca(NO3)2 0.33 mM, CaC12 0.41 mM, MgSO4 0.82 mM, NaHCO3 2.4 mM, Hepes 10 mM, pH 7.4) supplemented with pyruvate (2.5 mM) and gentamicin (50 yg/ml). The uptake ofradiolabeled substrates was measured 5 d after injection. Groups of6-8 oocytes were incubated for 1 h (or 2 h in some experiments) in 0.75 ml ofstandard uptake solution (100 mM NaCl, 2 mM KCI, 1 mM MgCl2, 1 mM CaCI2, 10 (15 ,g ) was transfected into COS-7 cells using Lipofectin as described previously (22) . Briefly, cells were seeded onto 35-mm tissue culture plates (Falcon Plastics Co., Cockeysville, MD) incubated at 37°C in DMEM containing 10% FBS and 1% antimycotic (Fungizon; GIBCO) and transfected at a confluency of 80-95%. Before transfection, cell monolayers were washed twice with OPTI-MEM I medium (GIBCO). For each 35-mm plate, 15 Mg of plasmid and 15 Mug of Lipofectin were mixed for 30 min in 0.5 ml of OPTI-MEM I medium and then added to the plate. After incubation for 24 h at 37°C in a humidified atmosphere containing 5% C02, 1 ml of DMEM with 10% serum was added. Uptake studies of aMeGlc were performed 48 to 72 h after transfection. The plates were incubated with choline chloride solution (140 mM choline chloride, 2 mM KC1, 1 mM CaCl2, 1 mM MgCI2, 10 mM Hepes, and 5 mM Tris) for 5 min. Then 0.75 ml of uptake solution containing 2 MuCi ['4C]aMeGlc per plate, 50 ,M aMeGlc (final concentration), 140 mM NaCl, 2 mM KCI, 1 mM CaC12, 1 mM MgC12, 10 mM Hepes, and 5 mM Tris was added. After 30 min, the uptake was stopped by aspirating off the uptake solution and rapidly washing the plate with ice-cold washing solution ( 140mM choline chloride, 2 mM KC1, 1 mM CaCl2, 1 mM MgCl2, 10 mM Hepes, 5 mM Tris, and 10 mM aMeGlc). The cells were solubilized in 0.2 M NaOH and aliquoted for liquid scintillation counting. The protein concentration was determined using the Bradford dye-binding procedure (23) . In control experiments, pEUK-Cl plasmid DNA without insert was transfected. The transfection efficiency was monitored after cotransfection with plasmid pCH110 (Clontech) as described previously (22) and was between 15 and 25%.
In situ hybridization. For these studies, rat kidney tissue was fixed with 4% paraformaldehyde, and 5-,Mm cryostat sections were cut, as previously described (24) . The techniques for in situ hybridization were as described (24) with minor modifications. Briefly, sense and antisense cRNA probes were synthesized from an Hu 14 subclone in pBluescript II containing nucleotides 1-973, after linearization with KpnI or EcoRl, using T3 or T7 RNA polymerase, respectively. RNA probes were degraded by partial hydrolysis for 20 min. The slides were washed under medium stringency conditions after hybridization. The washing conditions were the same as reported except that the final washing temperatures (in Sx SSC/ 10 mM DTT for 30 min and in 2x SSC/ 10mM DTT/50% formamide for 20 minutes) were 40°C instead of 50°C. The tissue slides were coated with Kodak NTB2 emulsion and developed 4 wk later. The sections were counter-stained with hematoxylin-eosin. The kidney tubules showing a positive hybridization signal were identified using tubule segment-specific antibodies. The sections adjacent to those used for in situ hybridization were analyzed by immunocytochemistry using the SI segment-specific anti-GLUT2 anti-body, the anti-carbonic anhydrase IV antibody, which stained the S2 segment ofproximal tubules and thick ascending limbs ofHenle's loop, and the S3 segment-specific anti-ecto-ATPase antibody, as described earlier (24) . Sections were incubated with the primary antibodies for 1 h at room temperature, and antigenic sites were detected using the ABC procedure as previously described, using diaminobenzidine as a substrate to reveal peroxidase activity (24) . The specificity of all antibodies used in this study has been detailed previously (25) (26) (27) .
Results
Hu 14 expressed in oocytes induced a Na+-dependent uptake of aMeGlc that was 2-to 3.5-fold greater than that of water-injected control oocytes ( Fig. 1 a-c) . D-glucose and aMeGlc were transported equally well, but there was no significant transport of D-galactose, D-fructose, n-mannose, myo-inositol, L-proline, and uridine ( Fig. 1 a) . The substrate specificity was confirmed by inhibition studies (Fig. 1 b) . ['4C] aMeGlc uptake (3 mM) was strongly inhibited by an excess (30 mM) of unlabeled aMeGlc and D-glucose, whereas L-glucose, 3-0-methyl-n-glucoside, n-galactose, uridine, and L-proline (not shown) were not efficient inhibitors. Hu 14-induced uptake of aMeGlc (2 mM) was phlorizin sensitive (Fig. 1 c) and the IC50-value was -1 M.
Transient expression of HuJ4 cDNA in COS-7 cells. This expression system was chosen because it has been useful for studying the properties of the high affinity Na+/glucose cotransporter SGLT1 (22) . Moreover, COS-7 cells are derived from the simian kidney (28) (Fig. 2 a) . This is consistent with the several hundredfold stimulation observed for rabbit SGLT 1 expressed in oocytes (9, 14) . By analogy with the expression studies of Hu 14 using oocytes, cells transfected with Hu 14-plasmid DNA exhibited an approximately twofold increase ofNa '-dependent and phlorizin sensitive sugar uptake (50 tiM aMeGlc) compared to cells transfected with control plasmid (Fig. 2 a and b) . These experiments confirm the observation from oocytes that Hu 14 cDNA induces Na + -dependent sugar uptake and indicate that the relatively low level of uptake of SGLT2 (see Fig. 1 The Na+-dependency of aMeGlc uptake in Hu 14 cRNAinjected oocytes was examined by measuring the uptake of [ 4C] aMeGlc (2 mM) as a function of the sodium concentration in the uptake medium (Fig. I f ) . aMeGlc uptake did not saturate at Na+ concentrations between 5 and 100 mM, indicating that the Km value for Na+ is considerably larger than 100 mM.
Comparison with previously determined kinetic parameters. The Km of 1.6 mM for aMeGlc uptake mediated by the Hu14 protein (SGLT2) is almost identical to the Km (40) . Based on our results, SGLT2 most likely corresponds to the previously characterized low affinity Na+/glucose cotransporter from kidney outer cortex (5, 11, 13 ). The Km for Na+ of SGLT2 is also considerably larger than the Ko.5 (the Na+ concentration giving half the value of Vm,,) of high affinity SGLT 1, which is 32 mM ( 14) . This demonstrates the different Na+-dependencies between these two transporters. Lineweaver-Burk analysis using the data in Fig. I fsuggested that the Km value for Na+ for SGLT2 is between 250 and 300 mM (not shown). This range is in agreement with the high Km value for Na+ reported for the low affinity Na+/glucose cotransporter of rabbit brush border membrane vesicles, which is 228 mMat 1 mMofD-glucose (29) .
Stoichiometry ofSGLT2. Since the Km for Na+ ofSGLT2 is considerably higher than the physiological concentration of Na+ for oocytes, which is -100 mM, the Hill coefficient and the Na' to glucose coupling ratio calculated based on Na+-concentrations significantly below the Km may underestimate the stoichiometry. Therefore, it was essential to compare directly the rate of aMeGlc influx with the rate of Na+ influx. First, we attempted to compare the [`4C] aMeGlc uptake with the 22Na+ uptake but, because of the low signal-to-noise ratio for 22Na+ uptake, we were unable to measure the Na+-influx.
To circumvent these problems, we measured the aMeGlcinduced Na +-dependent inward current as an indicator for the Na +-influx and converted the current amplitude to the rate of Na' influx. The Hu 14-mediated aMeGlc-induced inward current was completely Na + -dependent ( not shown). The strategy was to compare the initial rate of [ "C] aMeGlc uptake with that of the Na+-influx calculated from the aMeGlc-evoked inward current. The same batch ofoocytes was used for these two experiments. Because the Hu 14-mediated current was dependent on membrane voltage (Fig. 3 a) the holding potential was set at the resting membrane potential of each oocyte. The average resting membrane potential was -70.4±1.5 mV (mean+SEM, n = 8) in water-injected oocytes and -68.5±2.5 mV (mean±SEM, n = 11 ) in Hu 14 cRNA-injected oocytes. The inward current evoked by 2 mM of aMeGlc was 0.90±0.09 nA (n = 11) for Hu14 cRNA-injected oocytes and 0.44±0.03 nA (n = 8) for water-injected oocytes. Using Faraday's constant, these currents were converted to 9.3 and 4.5 fmol/s, respectively. It follows that the initial rate of the net Na+-flux mediated by SGLT2 is 4.8 fmol/s or 0.29 pmol/min per oocyte (Fig. 3 c) . This was compared to the 1-min uptake of [`C]aMeGlc (2 mM), which is 0.31 pmol/oocyte per min ( Fig. 3 b and c) and in this respect the 1-min uptake can be considered as representative for the initial rate since the uptake was almost linear within the first 5 min. Based on the similar aMeGlc-and Na+-uptake rates, it can be concluded that the Na+ to glucose coupling ratio for SGLT2 is 1: 1. This is consistent with the Hill coefficients of -0.9 for Na+ (calculated based on the data presented in Fig. 1 f) and of 1.1 for aMeGlc. WatLer Iiul4l rabbit SGLTI ing the same procedure as inc. The figure shows the uptake of ['4C]-aMeGlc and Na' in rabbit SGLT1 expressed in oocytes. Uptake in water-injected control oocytes is not shown because this was negligible compared with that induced by SGLT1. The initial rate of aMeGlc uptake was 19 pmol/oocyte per h and that of Na' influx was 37 pmol/oocyte per h. This confirms that the Na+/glucose coupling ratio of SGLT I is 2:1. The error bars represent SEMs (n = 6-8 for 14C-uptake measurements and 8-11 for electrophysiologal measurements).
A ratio of 1 Na' to 1 glucose is also consistent with the stoichiometric analysis of low affinity Na+/glucose cotransport in renal outer cortex brush border membrane vesicles ( 12, 29) .
The reliability and accuracy of the stoichiometric analysis method was confirmed using oocytes injected with rabbit SGLT l-cRNA (Fig. 3 d) . Previous Hill plot analysis of the Na'-dependent aMeGlc uptake of SGLT1 demonstrated a Hill coefficient of 1.5 (14) , indicating a Na' to glucose coupling ratio of 2:1. Since application of 50 uM aMeGlc significantly depolarized the SGLT1 cRNA-injected oocyte membrane, from a resting potential of -52.8±2.1 mV (n = 9) to -17.4±1.7 mV (n = 9) in the presence of 50 gM aMeGlc, it was necessary for our stoichiometric analysis to hold the membrane potential at the potential measured in the presence of 50 ,gM aMeGlc. The Na'-influx induced by 50 EM of aMeGlc was calculated to be 37±2.1 pmol/oocyte per min (n = 9; Fig. 3 d). The 1-min ['4C] aMeGlc uptake was within the linear range ofuptake and was 19±0.8 pmol/oocyte per min (n = 8). The Na+ to glucose coupling ratio for SGLT1 is therefore 2:1, consistent with the studies of SGLT1 expressed in oocytes ( 14) and with the known stoichiometry of the high affinity Na+/ glucose cotransport in brush border membrane vesicles ( 12, 30, 31) .
Localization of SGLT2 in the kidney tubular system. In previous studies we demonstrated that Hu14 mRNA is expressed strongly in human kidney cortex but not in the small intestine or in any other rat tissue tested ( 18) , whereas the SGLT1 mRNA is strongly expressed in the intestine ( 10, 18) . Northern analysis has not yet resulted in the detection of SGLT 1 message in the human kidney, but has demonstrated a low level of expression in rat and rabbit kidney (6) (7) (8) 18) . The localization of SGLT2 mRNA in the kidney was studied using in situ hybridization. Hybridization of 35S-labeled Hu 14-antisense cRNA probe to rat paraformaldehyde-fixed kidney sections under medium stringency conditions (Fig. 4) demonstrated a pattern of hybridization that is consistent with the predicted location of the low affinity Na+/glucose cotransporter in proximal tubule S1 segments (Fig. 4 a) . The location in S1 segments was confirmed using adjacent sections in which the positive tubules reacted with the Sl segment-specific marker antibody against the low affinity facilitated glucose transporter GLUT2, as noted in (25) , (Fig. 4 c) . By contrast, no significant Hu 14 signal was detected in tubules that were immunopositive for the anti-carbonic anhydrase type IV antibody, which stains S2 segments of proximal tubules and thick ascending limbs of Henle, as noted in (26), (Fig. 4 d) , and the a c S1
Ak ' . . , ' , ' ' r*.w : v S . . ; g < < _ 8 e . S3-specific anti-ecto-ATPase antibody, as noted in (27) , (not shown). An identical pattern of expression was also obtained using "S-labeled antisense cRNA ofthe rat SGLT2 homologue R36/R12 (unpublished sequence) at a considerably higher hybridization stringency (Hediger, M. A., et al., unpublished data). We conclude, therefore, that kidney-specific low affinity SGLT2 is expressed in SI proximal tubule segments where the majority of filtered glucose is absorbed. All properties of SGLT2 determined so far are consistent with those of the kidney-specific low affinity/high capacity Na+-glucose cotransport system, which has been characterized in the past by studies using perfused tubule segments and using brush border membrane vesicles (5, 8, 11, 12, 29) .
Comparison of the properties of SGLT2 and SGLTJ expressed in Xenopus oocytes. In oocytes, the apparent Vma, of Hu14 of 19.7 pmol/oocyte per h, which was determined in the presence of 100 mM Na+ (Fig. 1 , dand e) is substantially lower than that of SGLT1, which is 150-1,550 pmol/oocyte per h (14) . Likewise, Hul4-mediated uptake of aMeGlc was increased 2-3.5-fold above control values, whereas a stimulation of several hundredfold was observed for SGLT1 in oocytes (9, 14) . This difference may be explained in part by the higher Km for Na+ (250-300 mM) for SGLT2 compared to the K0.5 of SGLT1, which is 32 mM ( 14) . At an extracellular Na + concentration of 100 mM, the Na+ drive of SGLT2 is, based on the SGLT2 as a low affinity/high capacity system in renal proximal tubules. In the kidney, the low affinity Na+/glucose transport system ofthe pars convoluta of proximal tubules (S I segments) is known to be a high capacity system and the majority of D-glucose must be reabsorbed in this part of the tubule (4) . Consistent with this, brush border membrane vesicles prepared from outer cortex have about a 3.4-fold higher Na+/glucose transport capacity than those from the outer medulla (8).
As discussed above, the V.. of SGLT2 expressed in oocytes, however, is less than that of SGLT1. Therefore, for SGLT2 to represent a high capacity system in vivo, the expression of this protein must be accordingly high. Consistent with this, we observed a very strong signal for SGLT2 on Northern blots of rat tissues, whereas the signal for SGLT1 was near the detection limit (see reference 18, Fig. 5, 4 .2-kb band for SGLT1 in medulla, 2.4-kb band for SGLT2 in cortex). The strong signal for SGLT2 compared with SGLT1 was also evident in our in situ hybridization experiments using rat SGLT 1 and SGLT2 cRNA as probes (Hediger M. A., et al., unpublished data).
It appears reasonable that the coupling of one Na+ per glucose of low affinity SGLT2 is sufficient to drive the absorption of the bulk of the D-glucose in the early proximal tubule of the kidney where the glucose concentration is high. In contrast, the coupling oftwo Na+ per glucose provides a substantially higher accumulative power for the high affinity Na+/glucose cotransporter SGLT 1 located in proximal tubule S3 segments.
This high accumulative power is necessary to absorb the last traces of D-glucose from the lumen of S3 segments into the blood ( 1, 34) .
SGLT2 and renal disorders. Elsas and Rosenberg proposed that at least two gene loci are necessary to explain the impaired glucose absorption in glucose/galactose malabsorption and renal glycosuria ( 15, 16) . Consistent with this, the genes that encode high affinity SGLT 1 and the low affinity SGLT2 reside on different genes located on different chromosomes: SGLT1 resides on chromosome 22q 13.1 (32, 35) and we recently demonstrated that SGLT2 is located on chromosome 16 close to the centromere (41) . Based on the localization of SGLT2 in the kidney it is conceivable that a defect of the SGLT2 gene is responsible for impaired glucose reabsorption in patients with renal glycosuria. Interestingly, galactose, which is a substrate of high affinity SGLT1, was not transported by SGLT2. This is consistent with in vitro perfused tubule studies ofthe low affinity Na+/glucose cotransporter in rabbit kidney ( 11) . Examination ofrenal excretion ofgalactose, therefore, may provide useful information to distinguish between defects in SGLT1 and SGLT2.
Previous studies suggested that increased Na+/glucose reabsorption in diabetes may have important implications in the development of renal hypertrophy (36) . It has been proposed that increased proximal Na' reabsorption causes cell growth in the proximal tubule, increases glomerular filtration rate (GFR), and is at least in part responsible for the development ofnephropathy (37, 38) . Other investigators hypothesize that enhanced glucose reabsorption accelerates irreversible glycosylation of tissue proteins (39) . The elucidation ofthe structural and functional properties ofthe major renal glucose reabsorptive mechanism may provide important insights into these pathologic changes of the kidney in diabetes.
